Nano-scale MOSFETs have low inversion layer mobility and therefore, channel lengths of many mean-free-paths long. However, it has been demonstrated recently that current-day devices operate at roughly 50% of the ballistic limit [l] and devices that operate at over 80% have been recently reported [2]. The reason for is that the critical length is a small portion of the channel near the source [3], so present-day transistors operate in a quasi-ballistic regime. The macroscopic transport models used in TCAD must be questioned in these regimes because they are based on collisiondominated assumptions. This paper will examine quasi-ballistic transport in a model nano-device using a full, numerical solution to the Boltzmann equation. We also critically assess standard transport models and show that they fail in the ballistic limit, where transistors are heading. We explain the underlying reasons for this failure and suggest an approach to developing a new class of transport models that work in both the ballistic and collision-dominated regimes.
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The model device in this study, an n+-pn+ diode with a 50 nm channel, is intended to represent a 50 nm MOSFET. We use four consistent transport models to study this device -the Boltzmann Transport Equation (BTE) and three of its macroscopic approximations. The BTE assumes a simple, spherical nonparabolic energy band with acoustic and optical (intervalley) phonon scattering with parameters calibrated to reproduce the velocity-field and energy-field characteristics of bulk Si. It is solved by directly discretising the distribution function on a grid in position and momentum space, making no approximations about the shape (details of the numerical techniques will be discussed elsewhere). The three macroscopic transport models used for comparison are drift-diffusion (DD), hydrodynamic (HD), and energy transport (ET) [4] . Their parameters are also calibrated to bulk Si ensuring that all the transport models represent a different approximation to the same physical problem. The hydrodynamic and energy transport models were solved by the essentially nonoscillatory (ENO) method [5] . All transport models are solved self-consistently with Poisson's equation. BTE simulations were conducted for both realistic Si scattering rates and for zero scattering to explore the ballistic limit. The device operates within 54% of its ballistic limit, roughly the same as a present-day MOSFET. The DD results show highly non-physical behavior within the device, but the I-V characteristic is remarkably close to the BTE for reasons that are readily explained. Both the HD and ET models produces physically reasonable average energies within the device, but inaccurate velocity profiles. Therefore, they give higher current than the BTE solution. The current from the ET model is, in fact, even higher than the ballistic limit. As we increase the mobility (to simulate approaching the ballistic limit as dimensions shrink), the HD and ET currents increase to values higher than the ballistic limit. The results of this study show that transport models currently used in TCAD are fundamentally incapable of describing transport in the ballistic regime and produce serious errors in the quasi-ballistic regime where devices now operate [2]. The reasons for this failure will be explained by re-examining their derivation from the Boltzmann equation, and a new approach for developing macroscopic transport models, valid. in both the collision-dominated and collision-free regimes, will be introduced. This work is important to ensure that semiclassical transport is modeled correctly in nanotransistors and also to ensure that quantum hydrodynamic transport models accurately capture both classical and quantum mechanical effects. 
